INTRODUCTION
In recent years, high-throughput studies have played a major role in advancing new lead discovery in both pharmaceutical companies and academic research laboratories. 1, 2 The goal of high-throughput screening campaigns is to discover active compounds (''hits'') and often involves determining the biological activity of up to millions of small organic molecules through the use of in vitro screening assays. 3, 4 The expense of this type of screening can be formidable and has driven a trend toward smaller assay volumes through miniaturization. 5 As a result, a number of low-volume liquid-handling instruments/techniques have evolved. Some of these include liquid dispensing using surface acoustic waves, 6 pin tools, 7 high-speed flow sensors, 8 electromagnetic bellows, 9 and acoustic droplet ejectors. 10 In general, these systems are capable of accurately delivering nanoliter volumes of liquids. However, the costs associated with the purchase, setup, and maintenance of these instruments can in some cases be prohibitive. An alternative to purchasing new instrumentation is to adapt pre-existing liquidhandling platforms to perform the function of nanoliter liquid dispensing.
Keywords: compound screening, high-throughput screening, nanoliter volumes, automation platforms, liquid handling, PocketTips, cell-based assays One option for performing economical nanoliter volume dispensing is via the use of PocketTips (Fig. 1) . The dimensions and geometry of PocketTips are similar to that of normal pipette tips except that PocketTips contain a defined pocket with uniform dimensions that can capture and then release nanoliter volumes of liquid. A major advantage of PocketTips is that they can confer the ability to perform nanoliter liquid dispensing to pre-existing liquid-handling platforms that are not normally capable of performing this operation. This is possible because the instrument depends on the nanoliter capacity of the PocketTip coupled with the instrument's ability to aspirate and dispense liquids to deliver nanoliter volumes of liquids. This is accomplished in three simple steps (1) filling the pocket in the PocketTip by aspirating fluid to be transferred above the pocket, and then dispensing the remaining liquid back to the source well, (2) rinsing the PocketTip below the pocket, and (3) aspirating fluid from the destination well above the pocket and then dispensing (including the content of the pocket) to the final destination well.
In this report, we demonstrate the ability of PocketTips to deliver nanoliter volumes of liquids and describe their performance on various automation platforms. In addition, by using a cell-based ß-lactamase reporter assay system, we demonstrate that the measurement of biological activity of compounds delivered by either PocketTips (nanoliter delivery) or standard tips (microliter delivery) produces similar assay results.
MATERIALS AND METHODS

Automation Platforms and PocketTip Versions
The 
Using the PocketTips
The use of PocketTips involves three steps namely (1) loading the pocket by aspirating the sample and dispensing the excess back into the source plate, (2) rinsing below the pocket with water to wash away any residual sample, (3) dispensing the sample into the assay plate by mixing inside the tip with assay reagents. Optimized software programs are available for this process on Matrix PlateMate automation on request. The steps in the process are illustrated in Figure 2 .
Determining the Volume Accuracy of the PocketTips
The accuracy of volume dispensed by PocketTips is calculated using a standard curve prepared with different dilutions of Oregon green (Invitrogen, Cat # D6145; Carlsbad, CA) dissolved in dimethylsulfoxide (DMSO). The dilutions for the standard curve were performed in a black polystyrene plate in triplicate (Thermo Fisher Scientific Cat #4318). Briefly, 95 mL of distilled water was added to well A1 and 50 mL of distilled water was added to wells B1 through H1. Five microliters of 100-mM Oregon green stock solution was then added to well A1 and mixed thoroughly using a standard pipette. Fifty microliters of sample from well A1 was transferred to well B1, and from well B1 was transferred to well C1, and the process was repeated through well H1. Samples were mixed thoroughly after each transfer using a pipette. Fluorescence was measured using a Tecan GENios microplate reader. The values were recorded and plotted as a standard curve ( Fig. 3A) . For duplicate and triplicate standard curves, the same procedure was repeated in wells A2 to H2 and A3 to H3, respectively. The error bars were obtained by calculating the standard deviation for each data point between the three standard curves. To determine the volume dispensed by PocketTips, an average of 24 independent fluorescence unit values was generated for each of 50-, 100-, and 250-nL PocketTips on Matrix PlateMate instrumentation using the procedure discussed in method #4 below. The average values for each volume are shown graphically ( Fig. 3B ).
Determining the Precision Performance of the PocketTips
Oregon green dissolved in DMSO to a final concentration of about 100 mM was aspirated and dispensed using the 96-or 384-PocketTip magazines into a flat-bottom black polystyrene plate (Thermo Fisher Scientific Cat #4318). Fluorescence was measured using a Tecan GENios microplate reader. The values were recorded and used to determine performance characteristics.
Compound Addition for EC50 Assay
Compound transfers for both standard (DART) and Pock-etTip assays were performed with a Matrix PlateMate Plus automation. Standard assay compound dilution and additions were performed with standard volume DARTs (Disposable Automation Research Tips, Thermo Fisher Scientific Cat # 5326). PocketTip additions were performed with 100-nL Pock-etTips (Thermo Fisher Scientific Cat # 5757-100).
Standard Compound Addition. Varying concentrations of compound (11-point half-log dilutions in duplicate starting at 2 mM) were prepared in 100% DMSO and added as a 1.25 mL spot to a 384-well polypropylene plate (near assay ready plate; NARP). At the time of assay, compounds in the NARP plate were diluted with 48.75 mL of assay buffer (defined below) and the compound solution was mixed six times (mix volume 30 mL; final DMSO concentration 2.5%). After mixing, 10 mL of diluted compound was transferred to assay plates (described below) containing cells and 40 mL of assay medium (no mixing after addition). Final top concentration of compound in the assay plate was 10 mM and final DMSO concentration was 0.5%.
PocketTip Compound Addition. Varying concentrations of compound (11-point half-log dilutions in duplicate starting at 4 mM) were prepared in 100% DMSO. At the time of assay, compounds were transferred directly to the assay plate using a 100-nL PocketTip and a three-step transfer process ( Fig. 2) . (1) The 100-nL pocket in the tip was filled by aspirating and then dispensing 10 mL of compound from the dilution plate. (2) To eliminate carry over, the portion of the tip below the pocket was washed by aspirating and dispensing 3 mL of water. (3) Assay medium from the assay plate was aspirated to pocket level of the tip (10 mL) and the compound sample from the pocket was transferred to the assay plate by dispensing. This process was repeated five times to ensure complete removal of compound from the pocket. Final top concentration of compound in the assay plate was 10 mM and final DMSO concentration was 0.25%.
EC50 Assay Procedure
The assay used in this study uses a cell-based (receptor-CRE ß-lactamase) reporter construct where agonist activation of human receptor is coupled to ß-lactamase production via a cyclic AMP response element (CRE). 11 Activity is then measured using a FRET-enabled ß-lactamase substrate, CCF4-AM (Live Blazer FRET-B/G Loading kit, Invitrogen Cat # K1027). Specifically, receptor-HEK-CRE-ß-lactamase cells (Invitrogen, 2.5 Â 107/mL) were removed from liquid nitrogen storage, diluted in plating medium Dulbecco's modified Eagle medium high glucose (DMEM; Gibco Cat # 11995-065; Gibco, Carlsbad, CA), 10% heat inactivated fetal bovine serum (HIFBS; Sigma Cat # F4135), 1Â MEM nonessential amino acids (Gibco Cat # 15630-080), 25 mM HEPES pH 7.0 (Gibco Cat # 15630-080), and then centrifuged at w400 Â g for 5 min. After centrifugation, the supernatant was removed, the cells were resuspended in w25 mL of plating medium and cell number was determined by counting on a ViCell XR (Beckman Coulter Cat # 731050). The cell concentration was then adjusted to 2.5 Â 10 5 viable cells/mL with cell-plating medium and 50 mL of this cell suspension (12.5 Â 10 3 viable cells) was added to each well of a black, clear bottom, poly-D-lysinecoated 384-well plate (Greiner Bio-One cat# 781946) and incubated at 37 C in a humidified environment containing 5% carbon dioxide. After 4 h, the plating medium was removed and replaced with 40 mL of assay medium (assay medium is plating medium without HIFBS). Varying concentrations of each compound to be tested were then added in either a volume of 10 mL or 100 nL (see compound addition above) and the cells were incubated for 16 h at 37 C in a humidified environment containing 5% carbon dioxide. Plates were removed from the incubator and allowed to equilibrate to room temperature for approximately 15 min. Ten microliters of 6Â CCF4/AM working dye solution (prepared according to instructions in the Live Blazer FRET-B/G Loading kit, Invitrogen, Cat # K1027) was added per well and incubated at room temperature for 2 h in the dark. Fluorescence was measured on an EnVision fluorimetric plate reader, excitation 405 nm, emission 460 nm/535 nm. EC50 determinations were made from agonisteresponse curves analyzed with a proprietary curve-fitting program using a four-parameter logistic doseeresponse equation. 12 
RESULTS
Performance of PocketTips
Use of PocketTips on liquid-handling platforms includes three simple steps namely loading the tips, rinsing below the tips with water, and emptying the tip contents into the destination plate. Aspiration of liquid sample from the source plate just above the pocket level loads the pocket with a specific nanoliter volume depending on the type of Pocket-Tip used. Any nonspecifically adhering liquid below the pocket is rinsed away with water and the pocket is emptied by repeated aspirations and dispenses using the reagent liquid in the destination plate. The three steps in the workflow are shown in Figure 2 . Performance of PocketTips was determined using fluorescence measurement as described in the Methods section. Statistical analysis of the raw data obtained from 50-, 100-, and 250-nL 384-well PocketTip fluorescence validation is shown in Figure 4 . PocketTips are compatible with several automation platforms and will alleviate any liquid-handling performance variations that may be inherent to the automation platform. To determine the use and performance of PocketTips on different automation platforms, the PocketTips were adapted to different commercially available automation platforms, and coefficient of variance (precision) and volume accuracy were measured. Precision performance of 50-, 100-, and 250-nL PocketTips on three independent automation platforms is shown in Table 1 . Precision performance of the 100-nL PocketTips on five independent automation platforms is also shown in Table 2 . In all cases, comparable performance data was obtained between different automation platforms and a precision correlation in the order of 2e4% was observed (Tables 1 and 2 ). The actual volume dispensed by 50-, 100-, and 250-nL Pock-etTips was calculated using a standard curve as discussed in the Methods section and corresponding volumes are presented in Table 3 .
Comparison of EC50 Values Generated by Either Standard or PocketTip Compound Addition in a b-Lactamase Reporter Assay System
In this study, we determined the effect of compound addition by either standard volume (mL) tips or PocketTips (nL) on the ability of compounds to stimulate agonist activity in a cell-based b-lactamase reporter assay system. 11 In either case, compound additions were performed using a PlateMate Plus automated liquid pipettor. In general, the resulting agonist curves generated by PocketTip compound addition produced EC50 values, asymptote maximums, and slopes that were similar to those produced from agonist curves generated by standard tip compound addition (example shown in Fig. 5 ). Although replicate data was slightly scattered for agonist curves generated from compound addition by PocketTip, the EC50 values generated from these curves correlated well with EC50 values generated from curves generated by standard tip compound addition ( Fig. 6 ; Pearson r ¼ 0.89, R 2 ¼ 0.785).
DISCUSSION
In this study, we report the successful methodology of performing nanoliter volume compound screening using Pocket-Tips. Over the past two decades, several liquid-handling instrument manufacturers designed ingenious mechanisms that dispense nanoliter volumes of liquids. Although these instruments offer precise dispense volumes, they are associated with initial investment costs and periodic maintenance costs. Upgrading the older instruments to perform accurate nanoliter dispenses may not be technically and/or economically feasible. The use of PocketTips thus is an alternative approach to add on a low-volume dispense feature to existing instrumentation. One such example on evolution precision pipetting platform (Perkin Elmer, Boston, MA) for biochemical inhibition assays was previously reported. 13 Using any new technologies should always be validated and compared with the existing methods. We addressed this issue by developing a validated workflow and using it in cell-based compound screening experiments. The PocketTips are readily suitable for use with liquids having low surface tension such as DMSO. This makes these tips most appropriate for small molecule screening experiments where most of the commercially available small molecules/compounds use DMSO as a solvent. In our study, the performance of PocketTips was determined using a fluorescence assay and it should be noted that some of the variation in performance is contributed by the assay itself and/or the detector used for measurement.
Because the dispensed volume depends solely on the pocket dimensions in the tip, the precision and accuracy of liquid dispense are independent of the instrument. Although the PocketTips can be used on several instrument platforms, the instrument head-tip interface varies between different instruments. To address this issue, different versions of Pocket-Tips compatible with popular instrument platforms have been produced. Because a similar pocket is used for liquid dispenses across instruments, instrument-to-instrument variations are significantly minimized. Pocket sizes that hold less than 50 nL have also been tested, but the current need for the volume ranges between 50 nL and 1 mL in the pharmaceutical laboratories far exceeded the need for volumes lower than 50 nL. In most screening laboratories, the need for Pocket-Tips with higher volume was minimal. Apparently this was because most existing automation platforms perform reliable dispenses in the microliter range. Hence, a product with capability to dispense volume ranges from 50 to 250 nL appeared to be the most desirable during the recent years.
In general, routine screening operations are faced with two sets of challenges (1) the cost of the experiment and instrumentation, and (2) the operational issues associated with liquid handling. A part of the former challenge is often addressed by miniaturizing experimental volumes on automation. Although the miniaturized volume decreases the experimental cost significantly, the cost associated with purchase and maintenance of the instrument continues to persist. The second set of challenges includes process issues such as well-to-well and instrument-to-instrument variation, inaccurate dispense volumes, sample evaporation leading to precipitation, sample dropouts, need for intermediate dilution steps, and assayspecific variables. 14 Evidently, to identify the desired lead compounds in high-throughput assays with reduced background noise, it is necessary to address these issues and minimize any variations that may arise because of technological limitations. Several automation platforms including those used in this study are indeed capable of performing nanoliter volume operations. However, to offer superior performance at nanoliter volumes, the instruments need to be precise and thoroughly calibrated via regular maintenance. The need to address significant variations between instruments and the need for a common calibration method was previously reported. 14, 15 Moreover, older instruments that have encountered userdependent crashes require repeated periodic maintenance and may underperform over time, making data comparisons difficult. All these deficiencies either increase the overall cost of the experiment or lead to inconsistent results. Depending on the assay and screening operation, the PocketTips may be able to address some of these deficiencies.
In this study, we also investigated how PocketTip technology might be applied to a pre-existing assay process. This was accomplished by measuring the biological activity of compounds that were transferred to cells with a PlateMate Plus automated pipettor using either standard DART pipette tips (mL transfer) or PocketTips (nL transfer). The compounds used for this study were selected for their range of potency (EC50; w10 to O10,000 nM) and hydrophobicity (cLogP; 1.24e5.57) and were located randomly on the source plate. As seen in the Results section, we observed a significant correlation of the biological activity of compounds whether added by standard (microliter) or PocketTip (nanoliter) compound addition methods. Although we did not specifically correlate transfer performance with the cLogP of individual compounds, the overall good correlation of compound activity between PocketTip and standard tip compound addition combined with the range of cLogP of the test compounds indicates that PocketTip transfer of compounds with varying degrees of hydrophobicity does not appear to be an issue. Future studies with larger sets of test compounds would help to confirm this conclusion.
Although the potency of compounds (EC50 values) added by either standard or PocketTip were correlative, replicate data for compounds added by PocketTip was somewhat more variable than that seen for compounds added with standard DART tips (Fig. 5 ). This was likely the result of cells lifting off the assay plate (based on microscopic visual inspection of plate wells after compound addition) during the five mixing steps that were used to ensure complete removal of the compound from the pocket of the PocketTip. Disruption of the cell monolayer at the time of compound transfer can result in well-to-well variability with regard to the number of viable cells that are present in each well after overnight incubation. This in turn has a direct effect on the variability of the fluorescent signal seen in individual wells as only viable cells are capable of taking up the CCF4/AM substrate used to measure ß-lactamase activity. 11 It is possible that further refinement of the protocol (with regard to speed of dispensing and number of washes used to remove compound from the pocket) might decrease disruption of the cell monolayer and improve data quality further. However, the slight increase in data scatter observed in compound activity from curves derived from PocketTip-mediated compound transfer does not alter the overall observation that compound delivery (as measured by compound ability to induce cAMP production linked to ß-lactamase production) by either standard tips (mL delivery) or PocketTips (nL delivery) was comparable. Our observations with fluorescent dyes indicate that Pock-etTips can be reused at least more than once and five wash cycles completely eliminate carry over (data not shown). However, drying the pockets would be necessary. Moreover, because every assay ingredient mixture consists of different biological molecules with varying adsorption properties, a preliminary validation of the specific assay may be needed before considering reuse of PocketTips in high-throughput experimentation. The PocketTips are a disposable technology and it is best to use new PocketTips for every assay. We have used only new tips for our experiments in this study. However, if they need to be reused, we suggest a preliminary validation with the specific assay reagents before the reuse of PocketTips. Using PocketTips in cell-based compound screening experiments has other advantages. For example, mixing of compound can be performed in situ in the tip, using a small volume of sample thereby minimizing the cell-destruction effect in the destination plate and also minimize scattering of data discussed above. Furthermore, from our initial observations, it appears that precipitation of some compounds during a standard intermediate dilution step in the regular procedures can be eliminated while using the PocketTips, and studies along these lines are in progress. At present, performing DMSO-based compound screening was found to be most ideal with PocketTips. Development of optimized workflows with PocketTips for other applications is underway. Another common advantage of using PocketTips in high-throughput assay development is the transition of screening assay procedures from manual single/multichannel pipettes to automation platforms. It is a general practice to perform initial standardization of assay development using manual single/multichannel pipettes before using automation. In regular procedures, slight volume differences between manual pipetting and automationbased transfers may show a significant discrepancy in results. This discrepancy can potentially be eliminated if PocketTips are used throughout during assay development (with manual pipettes) and high-throughput screening (using automation). In conclusion, we show that precise nanoliter-volume liquidhandling capability can be imparted on a variety of liquidhandling platforms via PocketTips. We further demonstrate the successful use of an automated PlateMate-PocketTip workflow for cell-based compound screening assays.
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